Analysis of antibody repertoires by high throughput sequencing is of major importance in understanding adaptive immune responses. Our knowledge of variations in the genomic loci encoding antibody genes is incomplete, mostly due to technical difficulties in aligning short reads to these highly repetitive loci. The partial knowledge results in conflicting V-D-J gene assignments between different algorithms, and biased genotype and haplotype inference. Previous studies have shown that haplotypes can be inferred by taking advantage of IGHJ6 heterozygosity, which is observed in approximately one third of the population. Here, we propose a robust novel method for determining V-D-J haplotypes by adapting a Bayesian framework. In addition to IGHJ-based inference, our method extends haplotype inference also to IGHD-and IGHV -based, in heterozygous individuals. We can thus infer complex genetic events like deletions and copy number variations in a much larger fraction of the population. We tested our method on the largest data set, to date, of naïve B-cell repertoires. We present evidence for allele usage bias, as well as a mosaic deletion pattern of IGHD and IGHV genes across the population. The inferred haplotypes and deletion patterns may have clinical implications for genetic predispositions to diseases. Our findings greatly expand the knowledge that can be extracted from antibody repertoire sequencing data.
Introduction
The success of the immune system in fighting evolving threats depends on its ability to diversify and adapt. In each individual, a preformed repertoire of antigen receptors is carried by an extremely large number of T cells and B cells, each of which is unique. In B cells, the antigen receptor is a membrane bound immunoglobulin. In effector B cells, i.e. plasma cells, the immunoglobulins are secreted as antibodies to survey the extracellular environment. Antibodies are symmetric molecules with a constant and a variable region. They are built from two identical heavy chains and two identical light chains. The heavy chains are assembled by a complex process involving somatic recombination of a large number of germline-encoded IGHV, IGHD, and IGHJ genes (for simplicity we will refer to them as V, D, and J from now onwards), along with junctional diversity that is added at the boundaries where these genes are joined together (Murphy, 2011) . Pathogenic antigens are first recognized by lymphocytes carrying these relatively low affinity receptors. Following initial recognition, B cells undergo affinity maturation, which includes cycles of somatic hypermutation and affinity-dependent selection (Hodgkin et al., 2007) . Thus, the antibody repertoire of an individual stores information about current and past threats that the body has encountered. Studying this diverse repertoire can teach us about fundamental processes underlying the immune system in healthy individuals (Boyd et al., 2010) , as well as reveal dysregulation in autoimmune diseases Palanichamy et al., 2014; Snir et al., 2015) , infectious diseases (Laserson et al., 2014; Tsioris et al., 2015; Sok et al., 2013) , allergy (Wu et al., 2014) , cancer (Fridman et al., 2012; Yahalom et al., 2013) , and aging (Wu et al., 2012) .
Dramatic improvements in high-throughput sequencing (HTS) technologies now enable large-scale characterization of adaptive immune receptor repertoires (AIRR-seq) (Benichou et al., 2012; Yaari and Kleinstein, 2015) . Extracting valuable information from these sequencing data is challenging, and requires tailored computational and statistical tools which are being constantly developed (Wardemann and Busse, 2017) . Much is being invested, especially by the AIRR community (Breden et al., 2017) , in the collection and standardization of data preprocessing and analysis.
Correct assignment of antibody sequences to specific germline V, D, and J genes is a critical step in AIRR-seq analysis. For example, it is the basis for identifying somatic hypermutation, pairing biases, N additions and exonuclease removals, determination of gene usage distribution, and studying the link between AIRR-seq data and clinical conditions. Only very few complete and partial sequences of these loci in the human genome have been published thus far (Watson et al., 2013; Matsuda et al., 1998; Corbett et al., 1997; Mattila et al., 1995; Ravetch et al., 1981) . The reason for this insufficiency is that these are extremely long (∼ 1.2M b) complex regions with many duplications, which impedes usage of traditional methods for sequencing and data interpretations. Because of the difficulty in performing physical sequencing of these loci, several computational tools have been developed for personal genotype inference from AIRR-seq data (Boyd et al., 2010; Gadala-Maria et al., 2015; Corcoran et al., 2016; Ralph and Matsen IV, 2016) .
Although germline genotyping by itself is extremely helpful, deeper insight can be gained by going one step further and inferring chromosomal phasing (haplotyping). Since each antibody is generated from a single chromosome, it is important to know not only the presence of genes, but also their combination on the chromosomes. For example, inference of haplotype can provide much more accurate information regarding gene deletions and other copy number variations. These appear to be highly common, as shown by Watson et al. (2013) by one complete and nine partial haplotype sequencing of the genomic region encoding the antibody heavy chain locus, using BACs and fosmids.
Because of the difficulty in performing physical sequencing of these loci, several computational tools have been developed for haplotype inference from AIRR-seq data (Kidd et al., 2012; Kirik et al., 2017) . Haplotyping can be computationally inferred from antibody repertoire sequencing data, using a heterozygous V/D/J gene as an "anchor" to define the chromosomes. So far, statistical framework for haplotyping has been developed for J6 (Kidd et al., 2012; Kirik et al., 2017) , which is heterozygous in ∼ 30% of people (alleles J6*02 and *03 ). Here, we show that reliable haplotyping can also be performed using D or V genes as anchors. This enables looking also at J distribution, and expanding the percentage of the population for which it is possible to infer haplotype. We present indications for allele usage bias, as well as interesting mosaic-like deletion patterns that are common in many individuals. Our findings greatly expand the knowledge that can be extracted from antibody repertoire sequencing data.
Methods
Library preparation and sequencing 100 individuals were enrolled in this study; 48 healthy subjects and 52 patients with celiac disease. Subjects with celiac disease were included to represent genetic variation that might be present among such patients, and not to perform association analysis. Naive B cells (defined as CD19 + , CD27 − , IgD + , IgA − , and IgG − ) were sorted on a FACSAria flow cytometer (BD) from all 100 individuals. The cells were immediately spun and cell pellets were kept at -80C until RNA extraction (using RNeasy Midi kit, Qiagen). Participants gave written informed consent. The research is covered by the approval of the Regy ional Ethical Committee (projects REK 2010 /2720 and REK 2011 /2472 . RNA was reversetranscribed using an oligo dT primer. An adaptor sequence was added to the 3' end, which contains a universal priming site and a 17-nucleotide unique molecular identifier. Products were purified, followed by PCR using primers targeting the IgD, IgM regions, and the universal adaptor. PCR products were then purified using AMPure XP beads. A second PCR was performed to add the Illumina P5 adaptor to the constant region end, and a sample-indexed P7 adaptor to the universal adaptor. Final products were purified, quantified with a TapeStation (Agilent Genomics), and pooled in equimolar proportions, followed by 2x300 paired-end sequencing with a 20% PhiX spike on the Illumina MiSeq platform according to the manufacturers recommendations.
Data preprocessing and genotyping
pRESTO (Vander Heiden, Jason A and Yaari, Gur and Uduman, Mohamed and Stern, Joel NH and OConnor, Kevin C and Hafler, David A and Vigneault, Francois and Kleinstein, Steven H., 2014) version 0.5.4.0 was applied to produce a high-fidelity repertoire, as previously described . Sequences were then aligned to the V,D, and J genes using IgBLAST (Ye et al., 2013) . The reference germline was downloaded from IMGT website in December 2017.
Novel alleles were detected by applying TIgGER (Gadala-Maria et al., 2015) to the set of functional sequences. The V/D/J gene of a sequence with higher similarity to a novel allele than to the reference gene was reassigned to the novel allele. For each sample a genotype was constructed from sequences with a single assignment (only one best match), using TIgGER adapted for Bayesian approach (Gadala-Maria et al., 2018) . Overall, 25 novel V alleles were identified and set as part of individuals' genotypes. Next, sequences were realigned according to the inferred personal genotype by IgBLAST. Sequences with more than three mutations in the V locus and with at least one mutation in the D locus were filtered out leaving on average 86% of the sequences for each sample (range 58 − 91%). For additional analysis, genotypes were similarly inferred using IMGT (Li et al., 2013) or partis (Ralph and Matsen IV, 2016 ) (see figure S1 ). Five samples with low sequencing depth after filtration (< 2000 reads) were discarded from the analysis.
All sequencing data are available in EGA (accession numbers ERS2445766-ERS2445865).
like to infer the chromosome(s) on which a V allele resides, where the chromosomes are identified by the J allele that is present on them. Each sequence represents a unique recombination event, and hence adds one to the number of V-J allele pair events. If the considered V allele appears with both J alleles, inference is expected to tell us that it is present on both chromosomes. If it almost always appears with one of the J alleles, we will infer that it is present on one of the chromosomes only. The posterior probability for each V allele usage is given by
, where − → θ is the V allele probability distribution, and − → X is a two dimensional vector with the number of sequences that this V allele appeared with the two J alleles respectively. Priors were fitted empirically for each individual based on their overall V allele usage. The two models are represented by two values of − → θ . For the one chromosome model, we expect all sequences with a given V allele to appear together with a specific J allele. Hence
1+2 , where accounts for the probability of allele mis-assignment. In the two chromosomes scenario, we expect the V allele to appear with both J alleles in similar proportions to the J allele usage, and hence
, where p is the fraction of the dominant J allele. The level of confidence in the most probable model is calculated using a Bayes factor, K = P (H 1st |θ)
P (H 2nd |θ) , where H 1st and H 2nd correspond, to the posteriors of the most and second-most likely models, respectively. The larger the K, the greater the certainty in the model. If the evidence is not strong enough, haplotype inference is set to "unknown". Gene deletion events were called on a specific chromosome when for an "unknown" allele the Bayes factor was larger than 1000. For convenience we define lK = log 10 (K).
Gene filtration
For the haplotype inference only functional genes, according to IMGT and NCBI, were used. IMGT ORF and pseudo-genes were removed after genotype inference. V1-69D was also removed since for most alleles it is not possible to distinguish it from V1-69. V4-30-1 was removed as well, as IMGT does not have the annotation sequence reference. Two D gene pairs have identical sequences: D4-4/D4-11 and D5-5/D5-18. Therefore only D4-11 and D5-18 were used in the inference.
Sign test
A special case of the binominal test was used to statistically compare the distribution of values below and above a 0.5 threshold. The p values obtained from the test were then corrected using the BenjaminiHochberg method.
Results

Relative gene usage can indicate gene deletions
The data set analyzed here is first of a kind in its size and accuracy. Naïve B cells from 100 individuals were sorted and their antibody heavy chain variable regions were sequenced using a unique molecular identifier protocol. This data allows us to infer the genetic variability of the antibody heavy chain locus across the largest cohort to date. We exploited the fact that only naïve cells were sequenced to infer and study the characteristics of their germline IGH locus. After filtering out five samples with low coverage (< 2000 sequences), personal genotypes of the IGH regions were constructed using a Bayesian genotype approach (Gadala-Maria et al., 2018) . To eliminate further potential biases genotype construction was based on unique sequences with at most three mutations in their V region and no mutations in the D region. Furthermore, only sequences with single assignments for the V, D, and J genes were used, since sequences with multiple assignments may introduce biases (table S1). In agreement with previous studies (GadalaMaria et al., 2015) , genotyping resulted in a five-fold reduction in multiple assignments of a sequence for V genes, and two-fold reduction for D genes. This reduction was observed by genotyping sequences that were aligned using three different tools: IgBLAST (Ye et al., 2013) , IMGT HighV-QUEST (Lefranc et al., 2009) , and partis (Ralph and Matsen IV, 2016 ) (figure S1A). With the genotype step ∼ 2% of the sequences that had gene assignments that were not included in the genotype were reassigned to genes that are included in it (figure S1B).
Next, we wished to compare the relative usage of different antibody genes across the population. Applying a binomial test (see methods), we identified deletions in many individuals and multiple genes (figure 1A and 1B). Genes with extremely low expression across all samples were considered indeterminable (N/A). In particular, V1-45, V4-28, and D6-25 have very low expression across the vast majority of individuals and thus are suspected to be non-functional. Looking at the deletions of each sample by itself several interesting patterns are observed along the locus ( figure 1C and D) . Specifically: A) In 44 of the 46 individuals that lack V2-70D, the adjacent gene V1-69-2, is also deleted. The two samples that lack only V2-70D, were borderline in terms of significance. In fact, these samples have only one assignment to this gene, but the adjusted p value is larger than the threshold due to small sample size. B) In 16 of the 17 individuals that lack V4-30-2, the adjacent genes: V4-30-4 and V3-30-3 are also deleted. Although V3-30-5 is located between V4-30-4 and V3-30-3, we could not infer its deletion, since V3-30-5 alleles cannot be differentiated from those of V3-30. C) Out of 56 individuals that lack V3-43D, 55 lack V4-38-2. The sample that lacks only V4-38-2 had an adjusted p value larger than the threshold due to small sample size. D) There is a mosaic-like structure of two sets of genes whose deletion is mutually exclusive: V3-9 and V1-8, and V5-10-1 and V3-64D. A), B), and C) were also observed for a single haplotype shown in (Watson et al., 2013) . Here we show the prevalence of these patterns among a large cohort. Further exploration of possible clinical implications caused by these deletion patterns is intriguing and remains an open challenge for future studies. S79  S65  S63  S62  S44  S35  S17  S16  S13  S12  S9  S7  S95  S72  S45  S28  S23  S71  S41  S92  S21  S87  S86  S77  S70  S61  S58  S54  S53  S49  S47  S24  S8  S5  S3  S1  S50  S59  S48  S94  S93  S34  S27  S89  S51  S43  S31  S19  S14  S33  S73  S75  S74  S67  S66  S64  S60  S42  S30  S25  S20  S11  S10  S76  S85  S37  S26  S22  S69  S91  S90  S84  S82  S81  S78  S68  S56  S55  S46  S40  S39  S38  S36  S32  S18  S15  S6  S2  S83  S57  S29  S88  S80 Subject   S79  S65  S63  S62  S44  S35  S17  S16  S13  S12  S9  S7  S95  S72  S45  S28  S23  S71  S41  S92  S21  S87  S86  S77  S70  S61  S58  S54  S53  S49  S47  S24  S8  S5  S3  S1  S50  S59  S48  S94  S93  S34  S27  S89  S51  S43  S31  S19  S14  S33  S73  S75  S74  S67  S66  S64  S60  S42  S30  S25  S20  S11  S10  S76  S85  S37  S26  S22  S69  S91  S90  S84  S82  S81  S78  S68  S56  S55  S46  S40  S39  S38  S36  S32  S18  S15  S6  S2  S83  S57  S29  S88 (Watson et al., 2013) . D gene labels marked in red represent indistinguishable genes due to high sequence similarity, therefore alignment call is less reliable. (C,D) Each row corresponds to an individual. Blue represents a deletion on both chromosomes. Gray represents a gene with more than 90% deletions. Order of rows was determined by sorting the gene deletions first by V2-70D, then by V3-43D, and finally by V4-30-4.
Ig heavy chain gene heterozygosity landscape
Inference of personal genotype allows us to estimate the heterozygosity of these genes in the population. We considered genes for which more than one allele is carried by an individual as heterozygous. Up to four distinct alleles in an individuals genotype were allowed, where four alleles would correspond to a mis-named gene duplication with both genes being heterozygous and without sharing between the genes (figure 2). It has been previously shown that approximately one third of the population is heterozygous for J6 (Kidd et al., 2012; Kirik et al., 2017) . Our cohort agrees with this observation with 31/95 heterozygous samples for the 02 and 03 alleles in this gene, and one individual carries alleles 03 and 04, to combine to a total of 32 heterozygous samples. In addition, we identified a large number of heterozygous V genes. Six out of the V genes (V1-69, V3-53, V3-48, V3-49, V4-28, and V3-11 ) were heterozygous in more than 50% of the individuals with a defined genotype, and 19 in more than 20%. Four D genes, D2-2, D2-8, D2-21, and D3-16 were determined as heterozygous in 2% − 36% of the population (20, 30, 34, and 2 individuals respectively after imposing the 30% threshold as described in the methods). In the region between V1-69 and V1-46 (∼ 200K base pairs) the fraction of heterozygous individuals is dramatically higher than the surrounding regions ( figure 2A ). This suggests a genomic hot region for germline recombination. Within this region, the three genes, V3-66, V3-64, and V4-61 appear as mostly homozygous. This is not the case, however, because there are many single chromosome deletions in these genes as shown in the following sections. S95  S94  S93  S92  S91  S90  S89  S88  S87  S86  S85  S84  S83  S82  S81  S80  S79  S78  S77  S76  S75  S74  S73  S72  S71  S70  S69  S68  S67  S66  S65  S64  S63  S62  S61  S60  S59  S58  S57  S56  S55  S54  S53  S52  S51  S50  S49  S48  S47  S46  S45  S44  S43  S42  S41  S40  S39  S38  S37  S36  S35  S34  S33  S32  S31  S30  S29  S28  S27  S26  S25  S24  S23  S22  S21  S20  S19  S18  S17  S16  S15  S14  S13  S12  S11  S10  S9  S8  S7  S6  S5  S4  S3  S2 S95  S94  S93  S92  S91  S90  S89  S88  S87  S86  S85  S84  S83  S82  S81  S80  S79  S78  S77  S76  S75  S74  S73  S72  S71  S70  S69  S68  S67  S66  S65  S64  S63  S62  S61  S60  S59  S58  S57  S56  S55  S54  S53  S52  S51  S50  S49  S48  S47  S46  S45  S44  S43  S42  S41  S40  S39  S38  S37  S36  S35  S34  S33  S32  S31  S30  S29  S28  S27  S26  S25  S24  S23  S22  S21  S20  S19  S18  S17  S16  S15  S14  S13  S12  S11  S10  S9  S8  S7  S6  S5  S4  S3  S2  S1 D1 S95  S94  S93  S92  S91  S90  S89  S88  S87  S86  S85  S84  S83  S82  S81  S80  S79  S78  S77  S76  S75  S74  S73  S72  S71  S70  S69  S68  S67  S66  S65  S64  S63  S62  S61  S60  S59  S58  S57  S56  S55  S54  S53  S52  S51  S50  S49  S48  S47  S46  S45  S44  S43  S42  S41  S40  S39  S38  S37  S36  S35  S34  S33  S32  S31  S30  S29  S28  S27  S26  S25  S24  S23  S22  S21  S20  S19  S18  S17  S16  S15  S14  S13  S12  S11  S10  S9  S8  S7  S6  S5  S4  S3  S2  S1   J1  J2  J3  J4  J5 We next tested whether in heterozygous individuals, expression of both alleles is similar, or biased towards one of them. For each heterozygous gene, the relative usage of each allele was calculated for each individual ( figure 3A) . To statistically address whether there is a biased usage between pairs of alleles that are present in the same individual, a sign test was applied. This test was formulated to consider binary outcomes across the population. For each individual, we asked whether the fraction of the first of the allele pair is larger or smaller than 0.5. Then we noted in how many individuals this fraction is larger than 0.5, and asked how likely this result is to occur by chance. P values were adjusted using the Benjamini-Hochberg method. Out of 42 allele pairs (23 genes) that were tested, in 17 allele pairs significant differences were found (14 genes, see figure 3B ). In 10 allele pairs, the preferred allele was significantly more expressed than its partner in all individuals. 
The single chromosome gene deletion pattern of the antibody loci is mosaic-like
To obtain new insights into the V and D gene chromosomal distribution in the population, we inferred the haplotypes of the 32 individuals in our cohort that are heterozygous for J6. We applied a Bayesian approach described in the methods section, and adapted a threshold on the level of confidence to call a deletion (lK > 3). Figure 4A shows the distribution of V and D deletions along both chromosomes in these individuals. The deletion likelihood is non uniform as there are regions along the chromosomes that are more prone to deletions in both chromosomes, and regions that are less.
To further investigate the patterns of deletion, we generated a heatmap of V and D deletions (and suspected deletions) for each individual ( figure 4B ). V1-45 and V4-28 are very rare and therefore their single chromosome deletions are hard to call. The heatmap depicts several interesting observations. First, individual S10 (second lowest individual) has a long deletion stretch in the chromosome carrying J6*02, spanning from V4-28 until V3-64D. This region includes 15 V genes and over 230K base pairs, including the very frequently used V3-23, V3-21, and V3-15. It will be interesting to research any clinical implications this deletion might have on the people carrying it, and if such deletion in a homozygous setting can exist.
Second, similar to the pattern observed in both chromosomes (figure 1), V3-9 and V1-8 deletion is mutually exclusive with V5-10-1 and V3-64D deletion, in each of the chromosomes. Almost all individuals have one of these pairs deleted in each of the chromosomes. These genes are located sequentially on the DNA. In fact, in 46 of the 95 individuals a deletion in both chromosomes of one of these gene pairs was detected using the binomial test (figure 1). This is consistent with the assumption that all individuals (not only the J6 heterozygous ones) have one of these deletions in each chromosome.
Nine individuals have deletions in the adjacent genes D3-3 and D6-6. In fact, this deletion stretch might spread also D1-7 and D2-8, but we lack the statistical power to say it with confidence. D4-4 and D5-5 have the same sequences as D4-11 and D5-18 respectively, and therefore are not presented here (see methods). These genes are located within the above deletion stretch. Such a deletion stretch was shown in a previous study (Boyd et al., 2010) . Out of these nine individuals, eight have also a V3-9 and V1-8 deletion, and one individual only has a V5-10-1 and V3-64D deletion (p value of 0.01 by a binomial test). It will be interesting to research the structure of this region in the DNA, and also to find out whether there are any phenotypic differences between these groups.
Third, deletions in D3-22 together with D1-26 were observed in the J6*03 chromosome in eight and six individuals, respectively, and were not observed at all in the J6*02 chromosome. S65  S10  S12  S15  S27  S29  S38  S43  S44  S53  S54  S55  S63  S69  S72  S77  S84  S89  S94  S36  S22  S23  S24  S37  S40  S46  S49  S66  S82  S86 S65  S10  S12  S15  S27  S29  S38  S43  S44  S53  S54  S55  S63  S69  S72  S77  S84  S89  S94  S36  S22  S23  S24  S37  S40  S46  S49  S66  S82  S86  S87 > 3) , and light blue represents a suspected deletion (lK < 3). Gray represents a gene with an extremely low usage across all samples. The top panel represents the chromosome on which J6*02 is present, and the bottom panel represents the chromosome on which J6*02 is present. Sample S65, marked in red is heterozygous for J6*03 and J6*04. For this individual, J6*04 was added to the J6*02 panel.
Relative gene usage may indicate gene deletions on a single chromosome
Gene deletion identification is of major importance and might have critical clinical implications. In the first section of the results, we proposed to use a binomial test to detect deletions from both chromosomes. Haplotype inference offers an additional approach to detect deletions from one of the chromosomes only. We wished to learn the relative gene usage pattern in J6 heterozygous individuals with single chromosome deletions. Most V and D genes showed lower usage when one of the genes was identified as deleted from one of the chromosomes according to haplotype inference ( figure 5A and 5B). Five V genes, V3-66, V4-39, V4-38-2, V1-8, and V1-3, demonstrated, in most cases, a clear usage cutoff between samples with one chromosome deletion and samples with no deletion ( figure 5C ). An interesting exception is V4-61, in which the relative usage in individuals with a single chromosome deletion was sometimes higher than in individuals with no deletions. This could be because IMGT has mis-classified several allele sequences in the V4-4/V4-59/V4-61 complex. It may therefore be that individuals with apparently two V4-61 alleles actually have a V4-4 or V4-59 allele with an erroneous V4-61 name.
When D3-3 is deleted in one chromosome (in our cohort, this gene was not deleted from both chromosomes in any individual, see figure 1D ), it appears to be compensated by higher D3-10 usage ( figure 5D , as suggested in (Kidd et al., 2012) ). A cutoff of 0.11 on D3-10 usage correctly classifies all nine individuals with D3-3 single chromosome deletions. Applying the same cutoff to J6 homozygous individuals can thus be extrapolated for identifying D3-3 single chromosome deletions. As shown above, D3-3 deletion is accompanied by deletions in D6-6, D1-7, and D2-8 which are harder to detect due to their low usage. Thus, D3-10 usage higher than 0.11 implies the above D gene deletion stretch.
In the previous section we showed that in J6 heterozygous individuals, the two D genes, D3-22 and D1-26 were deleted only in the chromosome carrying J6*03. Figure 5E shows the relative usage of these genes for all individuals. All J6*02 homozygous individuals (black) have higher usage than the usage of the individuals carrying J6*03 with a single chromosome deletion. In addition, a single individual(S32), with the lowest usage frequency in both, D3-22 and D1-26 genes, is J6*03 homozygous and has been determined with D3-22 to D6-25 gene deletion according to the binomial test. For this sample, D1-26 usage is just above the binomial test cutoff (0.0056) for being called as deleted which may imply its deletion if the threshold were determined for each gene independently. Thus, in this cohort, there were no cases in which D3-22 and D1-26 were deleted from the chromosome carrying J6*02. Haplotype can be inferred using the D2-8 and D2-21 genes
Compared to V and J assignments, assigning D genes and alleles is challenging and error prone. This is due to the relatively short length of the D genes. As noted above, multiple possible assignments are partially resolved by genotyping, especially for V and J (figure S1A). The D gene assignment, however, still suffers from significantly lower credibility. We calculated the allele bias present for the three candidate D genes that can be used for haplotyping (i.e., are heterozygous in a fraction of the population), and observed a distinct set of individuals with highly biased usage (∼ 80%, see figure S3A and S3B). Although we saw similar patterns in other genes (figure 3), for the purpose of D-based haplotyping we wanted to be conservative, and exclude individuals who present highly biased usage between the two chromosomes based on their D assignments. For this purpose, we built V gene haplotypes based on the anchor J6 gene and on the anchors D2-2, D2-21, and D2-8 genes for a subset of heterozygous individuals for these genes. We have plotted the Jaccard distance between the haplotypes of these individuals as a function of allele bias ( figure S3C ). Based on this analysis we set up a threshold of 30%, above which the Jaccard distance between the haplotypes is expected to be smaller (p value < 2 · 10 −4 by Wilcoxon test). Only samples with at least 5 V genes that can be compared were taken into account. This resulted in a reduction in D heterozygous samples to 31% for D2-21 and 17% for D2-8 ( figure S4A ). All of the samples which were initially determined as heterozygous for D2-2 were set as homozygous after applying the 30% cutoff. Haplotype can be inferred only in individuals who carry heterozygous genes, therefore D2-21 and D2-8 emerge here as good candidate anchor genes for haplotyping, due to their relatively high rate of heterozygosity in the population. In our cohort the number of heterozygous individuals increased from 32 to 51 of 95 ( figure S4A ).
To test the D-based haplotype, we first inferred the haplotype of D by J6. This resulted in a chromosomal linkage map between the alleles of these two genes (see example for one individual in figure S4B ). Then, we compared the V haplotype inferred based on J6 with the ones inferred by the new candidate D genes (see example for one individual in figure S4C and S4D) . The comparison showed excellent resemblance between the haplotype inferred by J6 and by D2-8 and D2-21 (Jaccard distance < 0.1, figure S3C ), indicating that these D genes can be used for reliable haplotype inference.
D deletion can be detected using V haplotype inference
In previous sections we showed how D gene deletions can be inferred either from both chromosomes using a binomial test or from a single chromosome by anchor J6 gene haplotype. As indicated above, J6 heterozygosity prevalence is approximately one third, leaving most of the population without the possibility to infer single chromosome D gene deletions. Since V gene heterozygosity is extremely common (figure 2), we pursued the option of inferring a haplotype based on V anchor genes. In our cohort, all individuals are heterozygous in at least two V genes. Thus, using V genes as anchors for haplotype inference could dramatically increase the number of people for which D haplotype can be inferred. However, reliable haplotype inference using V genes as anchors requires a much greater sequencing depth than haplotype inference using J6 gene as an anchor. Since there are far more V genes than J genes, the relative frequencies of the V genes are much lower, making a single anchor V gene haplotype inference more challenging.
To overcome the low number of sequences that connect a given V-D allele pair, we applied an aggregation approach, in which information from several V heterozygous genes was combined to infer D gene deletions. The Bayesian approach utilizing a binomial likelihood and a conjugate beta prior, allows us to use the posterior output of one V -based inference as the prior to the next V -based inference. Since we do not know in advance the V gene haplotype, we cannot determine the connection between the major allele in the haplotype resulting from a given V gene and the haplotype resulting from the next one. Hence, this V pooled approach is exposed to contradicting assignments of alleles by different V genes.
To assess the power of the V pooled approach, we compared the resulting D gene deletion patterns from V pooled with J6. We compared D genes with minimum mean relative usage of 1.5% in the 32 J6 heterozygous individuals ( figure 6A left panel, red line) . Due to the potential allele mix of the V pooled approach we compared sensitivity and precision for a range of lK cutoffs (figure 6B). We identified an lK value (lK = 12) which optimized the precision rate (∼ 90% for lK(J) = 2 and ∼ 70% for lK(J) = 7) with an acceptable price in sensitivity (∼ 43% for lK(J) = 2 and ∼ 56% for lK(J) = 7). The relatively low levels of sensitivity result from an overall reduction in the number of identified deletions ( figure 6C ). Using the V pooled anchor approach we were able to correctly identify most of the D3-3, D6-6, D3-22, and D1-26 S10  S12  S15  S22  S23  S24  S27  S29  S37  S38  S40  S43  S44  S46  S49  S53  S54  S55  S63  S65  S66  S69  S72  S77  S82  S84  S86  S87  S88  S89  S94   S10  S12  S15  S22  S23  S24  S27  S29  S37  S38  S40  S43  S44  S46  S49  S53  S54  S55  S63  S65  S66  S69  S72  S77  S82  S84  S86  S87  S88  S89 
Discussion
Studying the genetics factors that determine the variable regions of B cell and T cell receptors is critical to our understanding of genetic predispositions to diseases. Despite their tremendous importance for the ability of our immune system to fight all sorts of diseases, these regions are understudied and rarely investigated as part of routine disease-association studies. The reason behind this discrimination is technical. The repetitive patterns present in these regions, combined with relatively short reads commonly used in HTS, make it challenging to map them, at both the genotype and the haplotype levels. On the other hand, the technology to produce reliable AIRR-seq data is advancing rapidly, and AIRR-seq studies are gaining popularity. From early days of AIRR-seq studies, ideas about how to connect these data to genotypes and haplotypes were proposed (Boyd et al., 2010; Kidd et al., 2012; Gadala-Maria et al., 2015; Ralph and Matsen IV, 2016; Corcoran et al., 2016) . Here, we implemented similar ideas in a Bayesian framework that allowed us to: 1. Attribute a confidence level to each result, and 2. Infer haplotype based on V, D, or J genes. We applied our method to the largest dataset, to date, of naïve B cells. Our study revealed many interesting patterns that are present in the antibody heavy chain locus, and should be investigated further in different populations, various clinical conditions, and using different sequencing technologies. It had been previously demonstrated that there is a strong bias towards usage of particular genes (Schroeder Jr, 2015) and between D and J gene recombinations (Kidd et al., 2016) . In this study we have demonstrated an allele usage bias for various V, D, and J genes. Several hypotheses could explain such biases. The first, and most likely one, is differences in the recombination signal sequence (RSS) associated with alleles of the same gene (Kidd et al., 2012; Oettinger et al., 1990; Matsuda et al., 1998) . Another possibility may be connected to the physical structure of the chromosomes -for example methylation patterns or other epigenetic modifications. Yet another hypothesis is that these biases result from of a negative selection process against self-reactive antibodies. It is plausible that certain allele combinations result in self-reacting antibodies, and hence are excluded from the mature B cell repertoire. Note that the latter explanation is not relevant in all cases, since in three allele pairs (V1-46*03,01, V4-59*01,08, V5-51*01,03 ) the differentiating mutations are silent, i.e. the amino acid sequence is exactly the same.
We showed how gene deletion events on one or both chromosomes can be identified by applying a binomial test to genes with low usage. For the binomial test, we suggested one uniform cutoff for deletion candidates for V genes, and another cutoff for D genes. This uniform cutoff, however, may not be suitable for all genes and has to be adjusted according to additional parameters. For example, for the D1-26 gene the cutoff threshold was a bit lower than its usage frequency to call it as deleted in individual S32, even though it should have been determined as a deletion by comparing its usage to other individuals (figure 5E). For single chromosome deletion detection, the cutoff is even harder to determine. Relying on deletions detected by haplotype, we observed that genes with one chromosome deletion mostly display a lower usage frequency than the same genes in individuals without a deletion. Nonetheless, only for 5 V genes, we could suggest a usage frequency cutoff implying deletion on a single chromosome in samples without inferred haplotype ( figure 5D ). We showed that V3-9 and V1-8 deletion is mutually exclusive with V5-10-1 and V3-64D (figure 4). This pattern can be utilized also as an anchor for haplotyping.
It is important to note that when we use the "deletion" terminology, we actually mean deletion from the repertoire. This does not necessarily imply that these genes were deleted from the germline DNA. It can be that there were mutations in the coding region of the allele, the RSS. Such mutations can cause the specific "deleted" alleles not to appear in the repertoire. Hence, in order to validate inferred deletions and duplication events, sequencing of the genomic region encoding the antibody heavy chain locus is needed. Other major factors that influence the strength of our approach are the type of cells sequenced, and sequencing depth. When sequencing PBMCs for example, a large fraction of the sequenced repertoire will belong to cells that were clonally expanded and have many mutations. This can influence the analysis by creating biases in gene usage estimation due to clonal expansion and allele mis-assignment due to somatic mutations. Increasing sequencing depth can help by effectively increasing the number of non-mutated cells.
